The aeroacoustics of a NACA 0012 aerofoil with an array of self-oscillating flexible flaplets attached on the trailing edge has been investigated at low to moderate chord based Reynolds number (50,000 -350,000) and at geometric angles of attack from α g = 0 • -20 • . When the aerofoil is untripped, tonal peaks are observed on the baseline aerofoil. When the passive flaplets are attached to the pressure side of the aerofoil, the tonal peak is removed. If the flaplets are then placed on the suction side, the tonal peak is reduced, but not removed. It is therefore hypothesised that the flaplets on the pressure side modifies the laminar separation bubble situated on the pressure side of the aerofoil, a key mechanism for tonal noise. Throughout all cases, both tripped and untripped, a low frequency (0.1 kHz -0.6 kHz) noise reduction and a slight increase at higher frequencies (>2 kHz) is seen. This gives an average overall sound pressure level (OSPL) reduction of 1.5 -2 dB for the flaplets affixed to the pressure side. The cases where the tonal noise component is removed an OSPL reduction of up to 20 dB can be seen.
Introduction
Aerofoil self-noise noise reduction is a topic which is attracting increasing interest due to the growing need and desire for 'quieter' aerofoils for various engineering applications. The main source of this self-noise is the boundary layer -trailing edge interaction. Therefore various strategies have been proposed by engineers in recent years to mitigate this.
When the aerofoil is subjected to a laminar boundary layer, for moderate Reynolds numbers, an annoying tonal noise is present and as such a significant amount of research has been carried out in order to try to understand this phenomenon. The first study into tonal noise was by Paterson et al. (1972) , where they made the observation that the main tonal peak can be scaled with the freestream velocity, U ∞ , by a factor of 0.8 over a short range prior jumping to a higher frequency, which is commonly referred to as 'laddering'. Once all of the 'laddering' events are averaged out over a large frequency range, a scaling relationship of U 1.5 ∞ , is observed and hence an empirical scaling model was proposed. Tam (1974) built off these results and proposed an aeroacoustic self-excited feedback loop which is formed by instabilities in the boundary layer on the pressure side of the aerofoil and a noise source situated in the wake. Arbey and Bataille (1983) then expanded on Tam's feedback model by showing that Tollmein-Schlichting (T-S) waves defracting at the trailing edge, creating acoustic waves, initiate the feedback loop. This result initiated much more detailed investigations into the flow field around the aerofoil. Lowson et al. (1994) and McAlpine et al. (1999) showed that the tonal noise is governed by the presence of a laminar separation bubble on the pressure side of the aerofoil and that the frequency of the tonal noise is the most amplified frequency in the boundary layer by using linear stability theory. Desquesnes et al. (2007) carried out the first direct numerical simulation (DNS) on the tonal noise issue and they found that there is a secondary feedback loop which comes from the instabilities on the suction side of the aerofoil. This feedback was then thought to modulated the discrete frequencies which are evenly spaced around the main tonal peak. Pröbsting et al. (2015) then used simultaneous particle image velocimitry (PIV) and acoustic measurements to show, at very low Reynolds numbers (Re c = 30,000) the tonal noise generation is controlled by the suction side and then at higher Reynolds numbers (Re c = 230,000) the tonal noise is dominated by the pressure side. They also show that by tripping either side of the aerofoil, separately, the dual side feedback loop (Desquesnes et al., 2007) is not a necessity in order to observe the tonal noise.
To mitigate this aeroacoustic phenomenon many possible approaches exist, most of which are bio-inspired. Geyer et al. (2010) investigated a wide range of aerofoils with different porosities, where the inspiration came from the 'soft downy feathers' of the owl, which are well known for 'silent' flight. They observed that if the aerofoil has any porosity, an aeroacoustic benefit was seen in the low to mid frequency range, upto 10 dB but this was very dependant on the porosity. However in the high frequency range there was an increase when compared to a non-porous aerofoil and this was thought to be noise originating from the surface roughness of the aerofoil. There was also an aerodynamic penalty, where both lift and drag forces were negatively effected compared to the non porous aerofoil.
Another owl bio-inspired technique, trailing edge brushes, mimicking the trailing edge fringes observed on the owls feather, was investigated by Herr (2007) and Finez et al. (2010) . A broadband noise, turbulent boundary layer -trailing edge interaction, reduction ranging from 2-10 dB was observed by (Herr, 2007) in the frequency range of 1-16 kHz. Finez et al. (2010) , then built upon this result by showing that the spanwise coherence of the shed vorticies is reduced by 25% in the presence of trailing edge brushes. And have proposed that the design criteria for future brush designs, should be a ratio of coherence length to brush fibre diameter and have suggested that a ratio of 2 is optimal.
Another common technique that is used is trailing edge serrations. This has been extensively researched and have shown positive aeroacoustic results in both the laminar boundary layer case (Chong et al., 2010) and turbulent boundary layer case (Arce León et al., 2017) .
In the present study, a flexible trailing edge consisting of an array of small elastic flaplets, mimicking the tips of bird feathers is used. This type of trailing edge has had very few investigations thus far. Schlanderer and Sandberg (2013) carried out a DNS on a flat plate with an elastic compliant trailing edge and saw an aeroacoustic benefit at low and medium frequencies with an increased noise level at the Eigen frequency of the material. Das et al. (2015) then carried out an experimental investigation using a similar arrangement to Schlanderer and Sandberg (2013) . An overall average reduction of 4 dB was seen. Kamps et al. (2017) then applied silicone flaplets to the trailing edge of a NACA 0010 aerofoil, and showed a reduction in tonal noise but no reduction in broadband noise.
This type of trailing edge modification has also been seen to have an aerodynamic advantages. showed by using time resolved PIV on a NACA0012, that an array of oscillating flexible flaplets stabilise the shear layer at moderate Reynolds number and angle of attack. This was seen to subsequently reduce the boundary layer on the suction side of the aerofoil and was hypothesised to then lead to a reduction in drag. Jodin et al. (2018) used an active solid trailing edge which oscillated in a similar manner and frequency to the flaplets in the present study and . Their investigation was focused on the wake structure and it was observed that the wake could be reduced in thickness by as much as 10%. An increase in lift of 2% was also observed.
The present study builds off the initial aeroacoustic investigation of Kamps et al. (2017) in order to provide a more in depth aeroacoustic analysis on the benefits of using a passive array of self-oscillating 
Experimental Arrangement
The aerofoil used for the present study was a NACA 0012, with a chord (c) of 0.2 m and a span (b) of 0.28 m. The model was 3D printed in two section, where the adjoining plane was the chord line of the aerofoil to allow for equal surface finish on both sides of the aerofoil. Manufacturing the aerofoil using this technique allows the trailing edge to be minimal, to reduce trailing edge bluntness, and in this instance the thickness was 0.5 mm with a solid angle of 16 • . The flexible trailing edge flaplets were manufactured, using a laser cutter, from a thin polyester film (see table 1 for dimensions and material properties). The flaplets were attached to the aerofoil using a thin strip of double sided tape, and were placed such that the free ends were orientated downstream at 1.1c and are allowed to freely oscillate at their Eigen frequency in the flow field. The Eigen frequency was determined to be 107 Hz in a previous study , by using cantilever beam theory. In order to investigate the flaplets effect in the presence of both a turbulent and laminar boundary layer, a 0.15 mm thick boundary layer trip was applied at 0.2c on both the suction and pressure sides of the aerofoil. The flaplets were also placed on both sides of the aerofoil, separately, in order to see if the there is any effect depending on whether the flaplets were placed on the pressure or suction side.
The Geyer et al. (2010) . The wind tunnel was equipped with a circular nozzle with a contraction ratio of 16 and an exit diameter of 0.2 m. With this nozzle, the maximum flow speed is in the order of 90 m/s and at 50 m/s, the turbulence intensity in front of the nozzle is below 0.1 %. For the present study the chord based Reynolds number was varied from 50,000 -350,000 and the geometric angle of attack, α g , was varied from α g = 0 • -20 • . As the wind tunnel is open jet, a correction factor is commonly applied to the angle of attack. This correction factor was introduced by Brooks et al. (1986) who used lifting line theory to account for the deflection induced by the open jet boundary conditions. However due to the small jet width to aerofoil chord ratio (b/c = 1.4), the correction factor should be used with caution (Moreau et al., 2003) and as such has not been used to indicate the angle in the present study. All angles, unless otherwise stated, are therefore the geometric angles of attack (α g ). During measurements, the wind tunnel test section is surrounded by a chamber with absorbing walls on three sides, which lead to a quasi anechoic environment for frequencies above 125 Hz. For the measurements, the aerofoil is positioned at a distance of 0.05 m downstream from the nozzle. The tips of the aerofoil are attached to a six component wind tunnel balance to simultaneously measure the integral aerodynamic forces. Since the span of the aerofoil (b = 0.28 m) exceeds the nozzle diameter, no aerodynamic noise is generated at the tips or the lateral mountings. A schematic of the setup is shown in Figure 1 .
The acoustic measurements were performed using a planar microphone array, consisting of 56 1/4th inch microphone capsules flush mounted into an aluminium plate with dimensions of 1.5 m × 1.5 m (see Sarradj (2010) ). The microphone layout is included in Figure 1 . The aperture of the array is 1.3 m. The array was positioned out of the flow, in a distance of 0.71 m above the aerofoil.
Data from the 56 microphones were recorded with a sampling frequency of 51.2 kHz and a duration of 60 s using a National Instruments 24 Bit multichannel measurement system. To account for the refraction of sound at the wind tunnel shear layer, a correction method was applied that is based on ray tracing Sarradj (2017) . In post processing, the time signals were transferred to the frequency domain using a Fast Fourier Transformation, which was done blockwise on Hanning-windowed blocks with a size of 16384 samples and 50 % overlap. This lead to a small frequency spacing of only 3.125 Hz. The resulting microphone auto spectra and cross spectra were averaged to yield the cross spectral matrix. This matrix was further processed using the CLEAN-SC deconvolution beamforming algorithm Sijtsma (2007) , which was applied to a two-dimensional focus grid parallel to the array and aligned with the aerofoil. The grid has a streamwise extent of 0.5 m, a spanwise extent of 0.4 m and an increment of 0.005 m. The outcome of the beamforming algorithm is a two-dimensional map of noise source contributions from each grid point, a so-called sound map. In order to obtain spectra of the noise generated by the interaction of the turbulent boundary layer with the trailing edge of the aerofoil, a sector was defined that only contains the noise source of interest. The chosen sector has a chordwise extent of 0.2 m and a spanwise extent of 0.1 m. Thus, spectra of the noise generated by this mechanism are derived by integrating all noise contributions from within this sector, while all potential background noise sources (such as the wind tunnel nozzle or the aerofoil leading edge) are excluded from the integration. The resulting sound pressures were then converted to sound pressure levels L p re 20 µPa and 6 dB were subtracted to account for the reflection at the rigid microphone array plate.
In addition to the beamforming results, auto spectra of a single array microphone close to the aerofoil trailing edge were analysed. The microphone position is highlighted in fig.1a .
Results

Theoretical Comparison
Brooks, Pope and Marcolini (Brooks et al., 1989 ) created a semi-empirical model that aims to predict the aerofoil self-generated noise by breaking it down into five main components; laminar boundary layertrailing edge interaction (LBL-TE), turbulent boundary layer -trailing edge interaction (TBL-TE, both on suction and pressure sides), separated flow noise, trailing edge bluntness and tip vortex noise. As the aerofoil used in the present study is bounded by two end plates, the tip vortex noise is not considered. In order to use this model to predict and analyse the noise sources the open source software, NAFNoise (Moriarty, 2005) , was used. NAFNoise uses a panel method, Xfoil, to calculate the necessary boundary layer parameters for the model and has an additional feature which uses a simplified version of the Guidati model, to calculate the additional noise induced from a turbulent inlet flow. As mention in section 2, the inflow turbulence is low for the present experimental set-up; nonetheless this has still been accounted for in the prediction. fig. 2a , there is a clear trend of increasing tonal peak with Reynolds number. This trend corresponds well with the empirical Re 1.5 scaling from Paterson et al. (1972) . As the results from the BPM model are in third octave bands, the 'laddering' effect, which scales as Re 0.8 c , cannot be seen and only the average effect is observed. In the experimental results, fig. 2b , the trend is also clearly visible and hence the BPM model can be used for the current experimental set-up over a wide range of Reynolds numbers to help to understand the noise sources. Figure 3 , shows the BPM prediction against the experimental results for the baseline case and both of the flaplet orientation cases for one Reynods number, 300,000 and at two different geometric angles of attack. In general the BPM model can predict the frequency of the tonal peak at both angles of attack, however the magnitude is over predicted. The LBL-TE noise is the dominating source in both cases, which is to be expected as the transition is not forced. In the 0 • case ( fig. 3a) , it can be seen that in the higher frequency range the pressure/suction side TBL (only the pressure side TBL has been plotted in fig. 3a ) becomes the dominating noise source, but the influence is on the overall noise level is small in relation to the LBL-TE tonal peak.
Single Microphone Measurements
Figures 4 and 6 are the single microphone measurements from the microphone situated vertically above the trailing edge, see fig. 1a . In fig. 4 the aerofoil is untripped, in order to observe the effect that the flaplets have on the LBL-TE interaction. Each Reynolds number is spaced by 30dB for clarity, their corresponding Re c is indicated on fig.4a . At zero incidence, fig.4a , it can be seen that for all Reynolds number a tonal peak is observed. An interesting observation can be seen in the low frequency range (0.1 kHz -0.4 kHz) where there is a significant reduction in the noise level across all cases once the flaplets are applied. There is no preference in the surface placement of the flaplets. However this is expected due to the symmetry of the aerofoil at α g = 0 • . The reduction that is seen is thought to be related to the vortex shedding noise which is thought that have changed due to the flaplets modifying the wake. This reduction of vortex shedding noise has been observed on a cylinder with flexible elements on the aft half of the cylinder (Kamps et al., 2016; Geyer et al., 2017) . Jodin et al. (2017) has showed that by using a similar, but active, trailing edge modification the wake structure is modified and it is this type of flow modification that is thought to be the mechanism behind the low frequency noise reduction. It can be seen that the reduction in the low frequency range has been scattered into the medium to high frequency range (∼ 1 kHz). As the Reynolds number is increased, the reduction in the low frequency and the high frequency increase both reduce. This is postulated to be due to the low Eigen frequency of the current flaplet geometry and therefore are limited to a finite low frequency range for these benefits to be observed.
As the angle increases to α g = 10 • , fig. 4b , a tonal peak starts to emerge at the Re c = 172, 000 case. As the Reynolds number increases further the tonal peaks in the baseline case increase in frequency and intensity. The tonal peaks which are observed for this angle of attack and the subsequent angles agree well with the 'tonal envelope' model, fig.5 , which was first proposed by Lowson et al. (1994) , when the angle is normalised using the empirical scaling factor (Brooks et al., 1986) . A series of previous publications using the NACA 0012 have also been normalised, accounting for different experimental set-ups, and fall within this tonal envelope. A particularly interesting result can be first seen in fig. 4b , where the placement of the flaplets on the pressure side of the aerofoil significantly reduces or removes the tonal frequencies. Whereas the placement on the suction side does not have such a profound impact, it should be noted that the peak is slightly reduced. This suppression of tonal noise is also seen in the α g = 15 • case at the higher Reynolds number cases. At α g = 20 • , fig. 4d , there is no real discernible difference between the two flaplet orientations due to the test cases being outside the tonal envelope. The low frequency noise reduction can still be seen at higher incidences, however it is reduced and has a trend of reducing as Reynolds number and α g increase, in a similar fashion to that of the α g = 0 • case. In the case where the aerofoil is tripped, fig.6 , the low frequency 'dip' is present in the same way as the untripped case ( fig.4 ). This shows that this effect is more likely to be due to the wake modification and not due to boundary layer -trailing edge interaction.
Linear stability analysis
As detailed by Lowson et al. (1994) and McAlpine et al. (1999) , the most amplified instability wave in the boundary layer prior to the separation bubble on the pressure side, is very close to that of the tonal frequency observed. They also stated that a separation bubble on the pressure side is a necessary requirement in the production of tonal noise on the NACA 0012 aerofoil. Therefore a linear stability analysis (LSA) has been carried out on the α g = 10 • cases where the tonal peaks were observed (i.e. the top three cases on 4b). The LSA was carried out using the Airbus Callisto boundary-layer solver, a more detailed overview of the methods used in the solver can be found in Atkin (2014) and the references therein. Callisto uses a three stage process in order to obtain the pressure distribution of an aerofoil (using the Callisto Viscous Garabedian and Korn method), produce boundary profiles and then carry out a stability analysis. In the present study the pressure distributions are created using Xfoil, which are then imported in to the QinetiQ BL2D solver. Due to the limitations of the open jet correction factor, the true angle of attack is unknown therefore the lift coefficient was used in order to iterate the pressure distribution to obtain the correct pressure distribution for the given parameters. BL2D then uses a standard finite-difference, parabolic solver which is based on Horton and Stock (1995) to produce boundary layer profiles up to the transition point. These profiles are subsequently then analysed using QinetiQ CoDS which is the linear stability analysis solver. CoDS uses an e N method to obtain the Indicates the frequency where the tonal peak ( f n ) is observed in the experiment, see fig.4b . N-Factors of the boundary layer profiles, and as such it can produce an amplification curve for each boundary layer profile. In the present results, fig. 7 , the non-dimensional spatial growth rate, −α i δ * is plotted against modal frequency ( f ). Where δ * is the local displacement thickness of the boundary layer and α i is the imaginary part of the spatial growth rate. A negative α i indicates an unstable mode, hence the maxima in the −α i δ * curves show the most unstable mode and the corresponding frequency it occurs at. As the current aerofoil was modelled as a semi-infinite 2D model, only Tollmein-Schlichting (T-S) waves are responsible for the instability growth.
The general trend of the spatial growth rate is that as the instabilities approach the transition point (laminar separation bubble) they increase in magnitude and a more defined peak starts to emerge. At the position just before the laminar separation bubble a strong peak can be observed in the growth rate. When comparing the frequency at which this maximum growth rate occurs, to the corresponding experimental tonal peaks (see fig. 4b ), good agreement between both sets can be seen. Therefore it can be inferred that when the flaplets are placed on the pressure side of the aerofoil, they have a strong effect on the separation bubble which is responsible for the observed tonal noise component (Lowson et al., 1994) . By suppressing the separation bubble, and therefore the tonal component, the tonal noise feedback loop is broken. Figure 8 , shows the overall sound pressure level (OSPL) from the third octave bands from the whole microphone array. Here only the data for pressure side mounted flaplets, has been presented as these have shown the most beneficial results thus far. The OSPL is a means of summing all of the acoustic tones in the signal to give one numerical value for each test case (see eqn. 1). And in order to compare tripped and untripped cases, the difference between the corresponding baseline and flaplet cases has been taken (see eqn. 2). (1)
Overall sound pressure level measurements
For the α g = 0 • case, fig. 8a , it can be seen that in the untripped case there is a large noise reduction of ∼5-7 dB at the low Reynolds number range and then at higher Reynolds numbers the difference decreases. As was seen in figures 4b and 4c, there is a strong tonal component at the higher Reynolds numbers and as such can be clearly be seen as the dominating noise source in the OSPL ( fig. 8b and  8c ). Therefore the respective flaplet cases have a large ∆OSPL reduction, which even extends to 20 dB at α g = 10 • . For the tripped cases, there is a much more consistent trend of noise reduction in the order of ∼1.5-2 dB, across all angles and Reynolds numbers, see table 2. This constant reduction is due to the low frequency dip that is observed in fig. 6 . Even though a similar effect was seen in the untripped case, fig. 4 , it can be seen that the increase in the high frequency range is higher, therefore the overall effect is reduced. Table 2 : Average ∆OSPL for each of the geometric angles of attack (α g ).
Conclusion
Aeroacoustic measurements have been conducted in an open jet wind tunnel on a NACA 0012 aerofoil in order to observed the acoustic effect of a trailing edge with flexible passive flaplets (bending beam oscillators) attached in the Reynolds number range 50,000 -350,000 at geometric angles of attack, α g = 0 • − 20 • . When the aerofoil is untripped strong tonal peaks are observed on the baseline case and the range that these are observed are consistent with previous literature. Once the flaplets are attached to the pressure side of the aerofoil, the tonal component is removed. This is proposed to be due to a modification to the laminar separation bubble on the pressure side, which is the key mechanism for tonal noise, and as such prevents the feedback loop described by Desquesnes et al. (2007) . If the flaplets are attached to the suction side, the tonal level is slightly reduced but still present, showing that there is a preference in flaplet-aerofoil side placement. In both the tripped and untripped case, a low frequency noise reduction and a high frequency noise increase is observed, and is seen consistently regardless of the flaplet-aerofoil side placement. The mechanism behind this low frequency reduction is thought to be due a modification of the wake, which has been seen in a previous study, on a similar trailing edge modification which uses an active oscillator (Jodin et al., 2017) . This results in an overall noise reduction of ∼1.5 -2 dB over the whole range of Reynolds numbers. A further investigation using particle image velocimetry (PIV) to quantify the pressure side separation bubble modification and wake modification are currently under way to understand the mechanisms hypothesised in the present study. An additional flaplet aeroacoustic study is also currently being investigated in order to determine the effect of different flaplet geometric parameters, such as different length, width and inter-spacing between the flaplets.
